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Molecular dynamics simulationIn this study, we performed all-atom long-timescale molecular dynamics simulations of phospholipid bila-
yers incorporating three different proportions of negatively charged lipids in the presence of K+, Mg2+,
and Ca2+ ions to systemically determine how membrane properties are affected by cations and lipid compo-
sitions. Our simulations revealed that the binding afﬁnity of Ca2+ ions with lipids is signiﬁcantly stronger
than that of K+ and Mg2+ ions, regardless of the composition of the lipid bilayer. The binding of Ca2+ ions
to the lipids resulted in bilayers having smaller lateral areas, greater thicknesses, greater order, and slower
rotation of their lipid head groups, relative to those of corresponding K+- and Mg2+-containing systems.
The Ca2+ ions bind preferentially to the phosphate groups of the lipids. The complexes formed between
the cations and the lipids further assembled to form various multiple-cation-centered clusters in the pres-
ence of anionic lipids and at higher ionic strength—most notably for Ca2+. The formation of cation–lipid com-
plexes and clusters dehydrated and neutralized the anionic lipids, creating a more-hydrophobic environment
suitable for membrane aggregation. We propose that the formation of Ca2+–phospholipid clusters across ap-
posed lipid bilayers can work as a “cation glue” to adhere apposed membranes together, providing an ade-
quate conﬁguration for stalk formation during membrane fusion.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Biological membranes play signiﬁcant roles in controlling the parti-
tion, transportation, and communication functions of the physiological
states of cells [1]. Considerable effort has been exerted toward under-
standing the binding modes of various cations to biological membranes
with various compositions. Previous experiments have revealed that cat-
ions interact speciﬁcally with biological membranes, thereby affecting
the structure, stability, and dynamics of phospholipid bilayers. Moreover,
these interactions can trigger domain formation and membrane fusion.
The Ca2+ ion is known to interact strongly with zwitterionic pho-
sphocholine (PC) lipids [2,3]. Furthermore, it can induce anionic lipid do-
main formation in PC/phosphatidylserine (PS)mixed Langmuir–Blodgett
monolayers [4] and in mixed POPE/POPG lipid bilayers [5]. Studies using
infrared spectroscopy and ultrasonic velocimetry have proven that both
Ca2+ and Mg2+ ions can induce microdomain formation on DPPS and
DPPC lipid bilayers [6,7]. Furthermore, the formation of microdomains
has been implicated as an important step inmembrane fusion [6,7]. In ad-
dition to divalent cations, monovalent cations (e.g., Na+) have been ob-
served, using atomic force microscopy (AFM), to have a strong effect on
the stabilities of both supported DMPC model membranes and natural
lipid bilayers (Escherichia coli lipid extract) [8].9; fax: +886 3 4227664.
.
l rights reserved.Different cell membranes have different lipid compositions [9]. In an-
imal cell membranes, the major lipid component is zwitterionic PC. The
major lipid constituents of bacterial membranes are zwitterionic PE and
anionic PG. In addition, various bacteria have different lipid composi-
tions; for example, the inner membrane of E. coli contains 70–80% of PE,
20–25% of PG, and less than 5% of cardiolipin. Notably, Staphylococcus
aureus has a PG component of up to 80% in its membrane. Therefore, cat-
ions will interact though different binding modes with biological mem-
branes having different compositions. The association of cations with
lipid membranes is more intense for anionic lipids than for zwitterionic
ones, because of the net negative surface potential of an acidic lipidmem-
brane. Interestingly, variations in lipid composition play signiﬁcant roles
in controlling membrane fusion [10,11].
Molecular dynamics (MD) studies at different theoretical levels of
complexity have been employed to simulate the properties of various
lipid bilayers at the atomic level [12]. MD simulations provide detailed
microscopic information of the interactions and properties of biomem-
branes, complementing experimental macroscopic data. In most cases,
the simulation results have agreed quantitatively with experimental
observations. The subjects of these simulations have included one-
component [13–17], two-component [18–22], and even ternary [23]
mixtures of model lipid bilayers. MD simulations of lipid bilayers in
ionic solutions have revealed that different ions can induce changes in
the properties of lipid bilayers; for example, the area per lipid for zwitter-
ionic [13,14,24], anionic [17,25,26], and mixed anionic/zwitterionic
[19–21] lipid bilayers. Moreover, Ca2+ ions form stable complexes
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and further alter the dipole angles of the lipid head groups. Grubmüller
and co-workers reported the key features in the binding of Ca2+ ions
with three and four POPC lipids in a sequential multistep process [24].
Marrink and co-workers employed a coarse-grained model to simulate
ternary mixtures that mimic raft formation in real cells [23]; they
observed spontaneous domain formation with liquid-ordered and
-disordered phases, with structural and dynamical properties matching
the experimental results.
Understanding the atomic details of how ions interact with biologi-
calmembranes is not only critical to our understanding of the structures
and dynamics of membranes but also provides information regarding
the mechanisms of membrane–membrane and membrane–protein in-
teractions, which are modulated by the surface potentials of the mem-
branes [14]. In this study, we employed all-atom, long-time-scale MD
simulations to systemically investigate the interactions between three
different salts (KCl, MgCl2, CaCl2) and lipid bilayers featuring three dif-
ferent anionic POPG compositions. Using the same set force ﬁeld, the
consistency of the results allowed us to systemically study the salt and
lipid composition effects more directly. Here, we focused on under-
standing the detailed structures of cation–phospholipid complexes in-
volving one cation and of cation–phospholipid clusters incorporating
multiple cations, as well as the cation-induced formation of POPG do-
mains. Our simulation time was sufﬁciently long to allow us to observe
spontaneous POPG microdomain formation. To the best of our knowl-
edge, all-atom MD simulations of the cation-induced formation of
multiple-cation-centered lipid clusters and POPG microdomains have
not been reported in detail previously. We have also investigated the
possible role of Ca2+–phospholipid clusters with multiple-cation cen-
ters in the anionic lipid bilayers during early-stage membrane fusion.
2. Methods
Nine lipid bilayers systems, comprising three different lipid compo-
sitions and three different salts, were simulated. The different lipid
compositions were pure POPE, pure POPG, and mixed POPG/POPE
(1:3, mol/mol) lipid bilayers. The chemical structures and numbering
of the atoms of POPE and POPG are provided in Fig. S1 (Supporting In-
formation). The three different salts were KCl, MgCl2, and CaCl2. For
convenience, the pure lipid bilayers system are denoted herein as the
lipid abbreviation associated with the cation; for example, the system
name, POPE-K+ denotes the pure POPE system involved with KCl. The
mixed systems are named in the form “Mixed-cation.” In addition, the
pure POPE system in the absence of ions (denoted “POPE-noION”)
was also simulated as a reference system. Each lipid bilayer system con-
sisted of 96 lipids (48 for each leaﬂet), approximately 3000 water mol-
ecules, and various salt ions; the corresponding water–lipid ratio wasTable 1
Names, compositions, simulation times, and analysis times of the nine studied systems.
System name POPE POPG Water W/La K+
Pure POPE system
POPE-noION 96 0 3052 31.8 0
POPE-K+ 96 0 3066 31.9 9
POPE-Mg2+ 96 0 3057 31.8 0
POPE-Ca2+ 96 0 3057 31.8 0
Pure POPG system
POPG-K+ 0 96 2878 30.0 105
POPG-Mg2+ 0 96 2878 30.0 0
POPG-Ca2+ 0 96 2878 30.0 0
Mixed POPG/POPE system
Mixed-K+ 72 24 3042 31.7 33
Mixed-Mg2+ 72 24 3045 31.7 0
Mixed-Ca2+ 72 24 3045 31.7 0
a Water/lipid ratio.approximately 30. The zwitterionic systems (except for the POPE-
noION system) featured a salt concentration of approximately 150 mM.
For the anionic and mixed systems, it was difﬁcult to simultaneously
maintain a 150 mM salt concentration and keep the system neutral. Ini-
tially, an exact number of cations were added to neutralize the anionic
lipids and then other counter ions were added to maintain the aqueous
salt concentration at 150 mM. The names, compositions, simulation
times, and analysis times of each simulated system are summarized in
Table 1.
The initial conﬁgurations of the pure systems were constructed
using the CHARMM-GUI developed by Im and co-workers [27]. The
initial conﬁgurations of the mixed POPG/POPE systems were adapted
from the equilibrium POPE system by substituting the 24 PE head
groups by PG groups (12 for each leaﬂet). To study POPG micro-
domain formation spontaneously in the mixed membrane and to
remove the bias of the initial conﬁguration, the POPG lipids were dis-
persed completely in the POPE matrix in the initial conﬁguration; the
shortest distance between two phosphorus atoms of two individual
POPG lipids in the initial conﬁguration was greater than 10 Å (see
Fig. S2 in the SI). The CHARMM36 [28] all-atom force ﬁeld was used
to model the lipids and counter ions. The default Lennard–Jones (LJ)
parameters were used for the interaction of cation/anion pairs,
obtained from the Lorentz–Berthelot combining rule. These parame-
ters have been demonstrated to reproduce well the experimental os-
motic pressures of NaCl and KCl solutions at concentrations of up to
2 M [29]. Because our simulations featured cation/anion pairing con-
centrations of less than 2 M, therefore, the LJ parameters for the inter-
actions of the cation/anion pairs were not altered to other speciﬁc
values. Water molecules were modeled using the TIP3 model [30].
All MD simulations were performed using parallel MD NAMD 2.7b3
software [31] with an NPT ensemble under three-dimensional peri-
odic boundary conditions. The simulation temperature was controlled
at 310 K (physiological temperature) through Langevin dynamics.
The pressure was controlled to 1 bar using the Langevin piston
Nosé–Hoover method [32]; the three orthogonal dimensions of the
periodic cell were allowed to change independently. The force
switching function [33] was used to smooth the non-bonded electro-
statics and van der Waals potential energy when the internuclear dis-
tance was between 9 and 12.0 Å. Cutoffs of 12.0 and 13.5 Å were
applied to calculate the pair-wise interactions and generate the list
of pairs, respectively. The non-bonded neighboring list was updated
every 10 steps. The particle-mesh Ewald technique was used to
treat the long-range electrostatic interactions. The hydrogen atom-
involved covalent bond lengths were constrained by the SHAKE algo-
rithm [34], allowing the use of an integration time step of 2 fs. Prior to
MD production simulations, energy minimization was performed
using a conjugate gradient algorithm to remove the bad contacts ofMg2+ Ca2+ Cl− Simulation time Analysis time
0 0 0 150 ns 75–150 ns
0 0 9 150 ns 75–150 ns
9 0 18 150 ns 75–150 ns
0 9 18 150 ns 75–150 ns
0 0 9 150 ns 75–150 ns
57 0 18 150 ns 75–150 ns
0 57 18 150 ns 75–150 ns
0 0 9 550 ns 275–550 ns
21 0 18 550 ns 275–550 ns
0 21 18 550 ns 275–550 ns
Table 2
Average areas per lipid bA> and average membrane thicknesses bT> of the studied
systems.
System
name
Average area per lipid (bA>, Å2) Average
membrane
thickness
(bT>, Å)
Total POPE POPG
POPE-noION 55.14±1.37 55.14±1.37 – 43.34±0.87
POPE-K+ 55.85±1.53 55.85±1.53 – 42.90±0.87
POPE-Mg2+ 55.75±1.19 55.75±1.19 – 42.96±0.78
POPE-Ca2+ 54.51±1.33 54.51±1.33 – 43.45±0.87
POPG-K+ 67.23±1.94 – 67.23±1.94 37.49±0.87
POPG-Mg2+ 64.44±1.56 – 64.44±1.56 38.48±0.79
POPG-Ca2+ 54.31±0.97 – 54.31±0.97 43.18±0.65
Mixed-K+ 58.16±1.38 56.65±1.73 62.70±2.96 41.58±0.80
Mixed-Mg2+ 57.00±1.27 55.55±1.44 61.33±2.86 42.17±0.75
Mixed-Ca2+ 53.33±1.31 52.33±1.58 56.33±2.10 43.91±0.87
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ance of 0.0001 kcal/mol after 20,000 minimization steps. Next, a 0.2-ns
slow heating simulationwas performed. The trajectories were recorded
every 5 ps.
This study focused on understanding the structure and dynamics of
cation–lipid complexes, clusters, and domains. Because the formation of
such structures involves slow kinetics, their study through MD simula-
tions was expected to be challenging. The results presented herein are
from 550-nsMD simulations of mixed POPG/POPE systems, which con-
verged to allow the study of the formation of cation–phospholipid com-
plexes, clusters, and microdomains. The time course of 275–550-ns
simulation was used for analysis. For the pure lipid systems, 150-ns
MD simulations were performed, yielding sufﬁciently converged re-
sults, with the last 75-ns trajectory used for the statistical analysis. All
analyses were performed using the in-house-developed program,
Pine-MD. The analysis methods are described in the Results section.
3. Results
3.1. Area per lipid and membrane thickness
We calculated the average area per lipid bA> andmembrane thick-
ness bT> to investigate their dependence on the types of cations pre-
sent and the compositions of the lipid bilayers. We also used bA> as a
parameter to establish the equilibrium conﬁgurations of the simulation
systems. The value of bA> was calculated from the lateral surface area
of the simulation box divided by the number of lipids in a single layer.
Fig. S3 (Supporting Information) displays the time evolution of the aver-
age area per lipid for all of the studied systems. In the pure POPE systems
[Fig. S3(a)], the values of bA> decreased rapidly in the ﬁrst 15 ns, but
were stable thereafter. For the POPG simulations [Fig. S3(b)], the values
of bA> also decreased rapidly during the early stages of simulation—
particularly for the POPG–Ca2+ system; they become more stable after
approximately 40 ns. Thus, for the pure lipid systems, we used the latter
half of the simulation trajectory (75–150 ns) for subsequent statistical
analysis. In the mixed POPG/POPE systems [Fig. S3(c)], we did not ob-
serve the rapid decrease in the values of bA> that we noted for the
pure lipid systems because the initial conﬁgurations of the mixed sys-
tems were constructed from the equilibrated pure POPE systems. The
values of bA> of the Mixed-K+ and Mixed-Mg2+ systems nearly over-
lapped and were stable over time, whereas those of the Mixed-Ca2+
system decreased gradually upon increasing the simulation time to ap-
proximately 250 ns. Thus, we used the latter halves of the simulation
trajectories (275–550 ns) of three mixed lipid systems for their subse-
quent statistical analyses.
Table 2 summarizes the values of bA> and bT> of our studied sys-
tems, averaged over the analysis time. To calculate the value of bA>
of a speciﬁc lipid in the mixed membrane, we used a polygon-based
tessellation method [35,36] and a total of 2500 grid points (50×50).We calculated the membrane thickness in terms of the shortest dis-
tance between the phosphorus atom of one lipid in a given leaﬂet
and all of the phosphorus atoms of the lipids in the other leaﬂet.
Thus, each lipid in one leaﬂet can deﬁne one membrane thickness.
The values of bT> were averaged over the membrane thickness de-
ﬁned by all of the lipids in one leaﬂet and then averaged over the sim-
ulation time. For the four pure POPE systems, the values of bA> were
55.14 (POPE-noION), 55.85 (POPE-K+), 55.75 (POPE-Mg2+), and
54.51 (POPE-Ca2+) Å2, suggesting that they are quite insensitive to
the nature of the cation. The values of bA> for the POPG-K+ and
POPG-Mg2+ systems were 67.23 and 64.44 Å2, respectively—remarkably
larger than those of the corresponding pure POPE systems. In contrast, in
the presence of Ca2+ ions, the value of bA>of the pure POPG systemwas
54.31 Å2—much smaller than those of the POPG-K+andPOPG-Mg2+ sys-
tems. For the Mixed-K+ and Mixed-Mg2+ systems, the overall values of
bA> were within the ranges of those of their corresponding pure POPE
systems (lower limit) and pure POPG systems (upper limit); their values
of bAPOPE> were similar to those of their corresponding pure POPE sys-
tems, while their values of bAPOPG> were lower than those of their
corresponding pure POPG systems. Interestingly, theMixed-Ca2+ system
has the lowest value of bA> among all the data listed in Table 2; its value
of bAPOPE>was lower than that of the POPE-Ca2+ system, but its value of
bAPOPG>was greater than that of the POPG-Ca2+ system. Themembrane
thickness and the average area per lipid were generally anti-correlated
(Table 2); this phenomenon can be understood by considering that
when the membrane is shrunk, the head groups of the lipids are pushed
toward the water phase, resulting in a greater membrane thickness, and
vice versa. Therefore, the pure POPG systems exhibited lower values of
bT> than did their corresponding pure POPE and mixed systems.
3.2. Atom location
Obtaining information regarding the locations of the lipid head
group atoms and the ions is crucial to understanding the structures of
lipid bilayers and the interactions between lipids and ions. We ﬁrst an-
alyzed their locations in terms of the number of atom distributions of
the phosphate groups (P, O11, O12, O13, O14 atoms), carbonyl groups
(C21, O22, C31, O32 atoms), nitrogen atoms, cations, and anions (Fig. 1).
Among the systems with the same lipid component, the head groups
of the Ca2+-containing systems protruded more toward the aqueous
phasewith respect to those of other systems. These results are consistent
with the calculated membrane thicknesses: the lipid bilayers containing
Ca2+ ions were thicker than the others. Among systems featuring the
same lipid component, the atom distribution proﬁle of the cation became
sharper and narrower upon proceeding from the K+-containing system
to the Mg2+-containing system to the Ca2+-containing system. For the
Ca2+-containing systems, the atom distribution proﬁle of the Ca2+ ion
overlapped almost fully (not for the height) with its corresponding phos-
phate proﬁle and overlapped partially with its carbonyl proﬁle. These re-
sults indicate that the Ca2+ ionswere locatedwithin the lipid head group
region. For the Mg2+- and K+-containing systems, the atom distribution
proﬁles of the cations overlapped partially with the corresponding phos-
phate proﬁles.
To further clarify the preferred cation locations and binding sites,
we calculated the radial distribution functions g(r) for the cations
with respect to the more-electronegative phosphate (O13 and O14,
denoted by “Op”), carbonyl (O32 and O22, denoted by “Oc”), and glyc-
erol (OC2 and OC3, denoted by “Og”) oxygen atoms (Figs. 2 and 3). We
calculated the value of g(r), which is useful for describing the struc-
tures of two chosen atoms in a given system, using the expression
g rð Þ ¼ N rð Þ
4πr2ρδr
where N(r) is the number of two chosen atoms at a distance r, δr is a
spherical shell of thickness at a distance r of two chosen atoms, and ρ
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icant numbers of Ca2+ ions bound to the Op and Oc atoms, with pref-
erential binding to the Op atoms [Fig. 2(a)] rather than with the Oc
atoms [Fig. 2(b)]. The Ca2+ ions bound to the Op atoms at a distance
of approximately 2.15 Å. Small amounts of K+ ions bound to the Op
or Oc atoms. In contrast, only a negligible number of Mg2+ ions
bound to the Op or Oc atoms. In the pure POPG systems, all three
types of cations bound to the lipid head groups to a certain degree,
presumably because of the negatively charged surfaces of the POPG
lipid bilayers and the higher cation concentration. Interestingly, the
three cations exhibited distinct binding afﬁnities toward the Op, Oc,
and Og atoms. The binding afﬁnities of Ca2+ ions with the Op, Oc,
and Og atoms followed the order Op>Oc>Og; for Mg2+ ions the
order was Op>Og>Oc; the K+ ions displayed similar binding afﬁni-
ties toward the Op, Oc, and Og atoms.
For the mixed systems, we calculated the values of g(r) individual-
ly for the cations with respect to the Op and Oc atoms of POPE lipids
[Fig. 3(a) and (b)] and with respect to the Og, Op, and Oc atoms of
POPG lipids [Fig. 3(c)–(e)]. With regard to the POPE lipids, the behav-
ior of the Ca2+ ions was similar to that in their corresponding pure
POPE systems, in which they preferred to bind to Op rather than Oc.
We found detectable and almost similar numbers of Mg2+ ions
bound to the Op and Oc atoms of the POPE lipids. With regard to
the POPG lipids, the Ca2+ ions preferred to bind to the Op atoms; al-
most none of the Ca2+ ions bound to the Oc and Og atoms directly.
Interestingly, although the mixed systems contained three times the
number of POPE lipids with respect to POPG lipids, we observed al-
most similar numbers of Ca2+ ions binding to the POPE and POPG
lipids. The K+ ions did not display a particular preference for binding
to any of the Op, Oc, or Og atoms. The Mg2+ ions preferred to bind to
the Op atoms; we observed almost no direct binding to the Oc atoms.
3.3. Cation–lipid complex
The distributions g(r) discussed above revealed that the cations
have different binding modes with the lipids. Next, we analyzed the
coordination types of the cations with the lipids and water molecules
and their distributions using a cutoff distances of 3.3 Å [37]. When thedistance between one cation and an electronegative oxygen atom of
the lipid and/or water molecule was within 3.3 Å, we considered
that lipid and/or water molecule to be coordinated with the cation.
Herein, we call this kind of assembly a “one-cation-centered” com-
plex. Table 3 summarizes the coordination types of the one-cation-
centered complexes and their distributions for all of the studied
systems. We calculated the distribution of a given type of one-
cation-centered complex from the number population of this type
of complex as a percentage of the total number of cations. For clarity,
the coordination of one cation with water molecules is ignored in
Table 3. Table S1 (Supporting Information) provides the detailed co-
ordination types of one cation with lipids and water molecules, and
their populations, for all studied systems.
The K+, Mg2+, and Ca2+ ions formed four-to-eight-coordinated
one-cation-centered complexes with lipids and/or water molecules;
ﬁve- and six-coordinated complexes were the most probable. For
the pure POPE systems, all of the Mg2+ ions remained in the aqueous
phase and did not coordinate with any lipids (in comparison, the dis-
tribution of the coordination type 0POPE 0POPG is 100% in Table 3);
approximately 19% of the K+ ions were coordinated with lipids;
greater than 98% of the Ca2+ ions were coordinated with the POPE
lipids. These results are consistent with the observations from the
g(r) analyses. One K+ ion does not necessarily coordinate only one
POPE lipid—it can coordinate two or three POPE lipids at the same
time. Moreover, one Ca2+ ion forms larger and stable coordinated
complexes with POPE lipids (coordination numbers from three to
ﬁve). Interestingly, the Ca2+ ions did not form complexes with one
or two POPE lipids. For the pure POPG systems, the Mg2+ ions formed
one-cation-centered complexes with one or two POPG lipids, while
the Ca2+ ions formed complexes with between one and ﬁve POPG
lipids, peaking at three.
In the mixed systems, the cations can form various types of one-
cation-centered complexes with POPE and/or POPG lipids. They can
bind not only single POPE or POPG lipid but also coordinate with
POPE and POPG lipids simultaneously. Interestingly, the Ca2+ ions
did not bind to the single POPG lipid alone; they also bound to a single
POPE lipid or to different numbers of POPE and POPG lipids at the
same time. Moreover, the K+ and Ca2+ ions could bind two POPG
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Fig. 2. Radial distribution functions g(r) of the K+, Mg2+, and Ca2+ ions with respect to the electronegative oxygen atoms of the lipids. Pure POPE systems: g(r) of cations with
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domain formation. Fig. 4 presents snapshots of individual K+, Mg2+,
and Ca2+ ions binding to POPE and POPG lipids at the same time.3.4. Cation–lipid clusters with multiple cations
In the previous section, we demonstrated that individual cations
could form stable complexes with lipids and/or water molecules. Be-
cause each POPE and POPG lipid contains more than one electronega-
tive oxygen atom, a single lipid molecule can potentially coordinate
with more than one cation or a single cation can bind to more than
one lipid at the same time. Therefore, the one-cation-centered com-
plexes can undergo further clustering induced by cations to form larger
water/cation/lipid clusters (herein named “multiple-cation-centered”
clusters). We observed multiple-cation-centered clusters in the mixed
and pure POPG systems, but not in the pure POPE systems. Table 4
lists the populations of the various types of multiple-cation-centered
clusters for the three mixed systems. The population of a given type of
“multiple-cation-centered” cluster is its number of occurrences aver-
aged over the simulation time. In the mixed systems, the Mg2+ ions
did not form any multiple-cation-centered clusters. In contrast, the
K+ and Ca2+ ions formed two-cation-centered clusters. The two-K+-
centered clusters were smaller, and had lower populations, than those
formed by the Ca2+ ions. The two-Ca2+-centered clusters involved
ﬁve to seven lipids and were stable. Fig. 5(a) provides a snapshot of atwo-Ca2+-centered cluster assembling three POPE lipids and two
POPG lipids together.
Table 5 lists the populations of the various types of multiple-
cation-centered clusters for the three pure POPG systems. For the
pure POPG systems, Mg2+ ions formed only a single two-Mg2+-
centered cluster involving two POPG lipids. The K+ and Ca2+ ions
formed multiple-cation-centered clusters of various sizes. In par-
ticular, Ca2+ ions could cluster between seven and 18 POPG lipids
together—a phenomenon not observed for the POPG-K+ system.
The largest cluster we observed was one with 11 Ca2+ ions and
18 POPG lipids [Fig. 5(b)].3.5. POPG domain sizes and populations
Microdomain formation has been suggested to play a critical role
in various membrane functions, such as fusion. In the previous section
we demonstrated that some POPG lipids can be bound together not
only by a single cation but also can be clustered together by several
cations. Fig. 6 displays the distributions g(r) of the phosphorus–
phosphorus distances of the POPG lipids in the mixed systems. The
ﬁrst peaks in the distributions g(r) of the Mixed-K+ and Mixed-Mg2+
systems were low and broad, centered at 6.5 Å; the second peak was
less obvious. In contrast, the structural features in the distribution g(r)
of the Mixed-Ca2+ system were prominent; the ﬁrst peak, centered at
5.3 Å, was low and broad relative to its second peak, centered at 7.1 Å.
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Fig. 3. Radial distribution functions g(r) of K+,Mg2+, and Ca2+ ionswith respect to the electronegative oxygen atoms of the POPE and POPG lipids of mixed systems. For POPE lipids: g(r)
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are different in each graph.
2747H.-H.G. Tsai et al. / Biochimica et Biophysica Acta 1818 (2012) 2742–2755The ﬁrst peak arose mainly from the geometry in which two phosphate
groups were bound to a Ca2+ ion in a “cis” manner; the second peak
arose mainly from a “trans” geometry (Fig. S4, Supporting Information).
When the phosphorus–phosphorus distance of two given POPG lipidsTable 3
Distribution (percentages) of the coordination types of one cation with lipids (one-cation-c
Coordination typea Mixed-K+ Mixed-Mg2+ Mixed-Ca2+ POPE-K+
0POPE 0POPG 70.02 66.62 0.00 81.11
0POPE 1POPG 7.40 14.29 0.00 –
0POPE 2POPG 1.40 0.00 0.00 –
0POPE 3POPG 0.12 0.00 0.00 –
0POPE 4POPG 0.00 0.00 0.00 –
0POPE 5POPG 0.00 0.00 0.00 –
1POPE 0POPG 8.81 4.76 2.43 10.56
2POPE 0POPG 3.79 4.76 9.62 4.56
3POPE 0POPG 0.85 0.00 4.76 1.33
4POPE 0POPG 0.00 0.00 14.00 1.11
5POPE 0POPG 0.00 0.00 0.00 0.00
1POPE 1POPG 3.73 9.52 0.00 –
1POPE 2POPG 0.58 0.00 9.29 –
2POPE 1POPG 1.30 0.00 20.52 –
2POPE 2POPG 0.00 0.00 12.19 –
3POPE 1POPG 0.00 0.00 19.29 –
3POPE 2POPG 0.00 0.00 1.86 –
4POPE 1POPG 0.00 0.00 4.76 –
a The preﬁx numbers for POPE and POPG are their corresponding coordination numberswas within a distance of 7.5 Å, we considered them to form one POPG
domainwith lipid size 2; moreover, if any other POPG lipid had its phos-
phorus atom within 7.5 Å of any phosphorus atom of these two POPG
lipids, we considered them to form one same domain with lipid size 3.entered complex).
POPE-Mg2+ POPE-Ca2+ POPG-K+ POPG-Mg2+ POPG-Ca2+
100.00 1.67 58.65 78.89 2.47
– – 18.31 17.54 7.67
– – 8.50 3.51 21.18
– – 2.63 0.00 54.28
– – 0.80 0.00 13.42
– – 0.25 0.00 0.72
0.00 0.00 – – –
0.00 0.00 – – –
0.00 45.56 – – –
0.00 40.56 – – –
0.00 8.56 – – –
– – – – –
– – – – –
– – – – –
– – – – –
– – – – –
– – – – –
– – – – –
with one cation.
a b c
Fig. 4. Snapshots of one-cation-centered complexes in the mixed systems. (a) One K+ ion forms a complex with one POPE lipid, one POPG lipid, and four water molecules. (b) One
Mg2+ ion forms a complex with one POPE lipid, one POPG lipid, and four water molecules. (c) One Ca2+ ion forms a complex with two POPE lipids, two POPG lipids, and two water
molecules. The POPG lipids are displayed as solid ball-and-stick models; the POPE lipids are presented as transparent ball-and-stick models. Hydrogen atoms of the lipids have been
removed for clarity. Color code: C, cyan; N, blue; O, red; P, tan; and coordinative bond: green.
2748 H.-H.G. Tsai et al. / Biochimica et Biophysica Acta 1818 (2012) 2742–2755Similarly, we also calculated other larger domains. Table 6 lists the calcu-
lated POPG domain sizes and their populations for the three mixed sys-
tems. Fig. S2 (Supporting Information) displays snapshots of the
dispersed POPG conﬁgurations in the POPE matrix before simulations
and the POPG domains at the late stages of the simulations. The snap-
shots were calculated using a polygon-based tessellation method
[35,36]. We observed that POPG dimers were predominant, particularly
for the Mixed-Ca2+ system. We also found larger domains, such as tri-
mers, tetramers, and pentamers, but with relatively lower populations.
Interestingly, the Mixed-Mg2+ system also formed approximately
three POPG dimers, even though our complex and cluster analyses re-
vealed that Mg2+ ions would not bind two POPG lipids directly at the
same time. Further analysis revealed that the domains of POPG lipids in
the Mixed-Mg2+ system were formed through water bridges, where
the water molecules solvated the Mg2+ ions and POPG lipids (data not
shown).3.6. Lipid hydration
The binding of cations to phospholipids will result in at least par-
tial displacement of interfacial water molecules. Table 7 lists the aver-
age number of water molecules solvated by one lipid, calculated from
the total number of coordinated water molecules with lipids divided
by the total number of lipids. In the pure POPG and mixed systems,
the dehydration effect of Ca2+ was more pronounced relative toTable 4
Populations of cation–lipid clusters with multiple cation centers of mixed systems.
Cluster typea Number of lipids Mixed-
K+
Mixed-
Mg2+
Mixed-
Ca2+
1POPE 1POPG 2Cation 2 0.10 0.00 0.00
1POPE 2POPG 2Cation 3 0.05 0.00 0.00
2POPE 0POPG 2Cation 2 0.07 0.00 0.00
2POPE 1POPG 2Cation 3 0.08 0.00 0.00
2POPE 2POPG 2Cation 4 0.02 0.00 0.00
2POPE 3POPG 2Cation 5 0.00 0.00 1.00
3POPE 0POPG 2Cation 3 0.06 0.00 0.00
3POPE 1POPG 2Cation 4 0.03 0.00 1.00
3POPE 2POPG 2Cation 5 0.00 0.00 2.00
4POPE 1POPG 2Cation 5 0.00 0.00 1.02
5POPE 2POPG 2Cation 7 0.00 0.00 0.11
a The preﬁx numbers for POPE, POPG and cation are their corresponding coordina-
tion numbers involved in the cluster.those of the corresponding K+- and Mg2+-containing systems. In
the mixed systems, the Ca2+ ions dehydrated approximately one
more water molecule per lipid than did the Mg2+ ions. Moreover,
in the pure POPG systems, the Ca2+ ions dehydrated two water mol-
ecules more than per lipid than did the Mg2+ ions. In the pure POPE
systems, the dehydration effect of the Ca2+ ions was less obvious
than those of the Mg2+ and K+ ions. Interestingly, Ca2+, Mg2+ and
K+ ions all possessed the ability to slightly dehydrate the lipids
with respect to that of the POPE-noION system.
3.7. Order parameters
We deﬁned the deuterium order parameter of the lipid's acyl
chains by the function, SCD ¼ 12 3 cos2 θið Þ−1, where θi is the instanta-
neous angle between the ith segmental vector of the carbon atoms
of the acyl chain and the membrane normal. The symbol 〈〉 denotes
the average over time and the selected ensembles. Fig. 7 presents the
values of SCD of pure lipid systems as well as the experimental values
for POPE lipids [38,39]. For the sn-1 chain, the carbon atom C31 is la-
beled as carbon 1, the C32 is labeled as carbon 2, etc.; for the sn-2
chain, the C21 is labeled as carbon 1, the C22 is labeled as carbon 2,
etc. The calculated values of SCD for the three studied POPE systems
were similar and followed the same trend as the experimental values
for the POPE lipids. The experimental values of SCD of the sn-1 and sn-
2 chains were measured at 308 K [38] and 303 K [39], respectively, in
the presence of theNa+-containing buffer. Fig. S5 (Supporting Informa-
tion) presents the calculated values of SCD of the POPE-Na+ system. Our
calculations of SCD, performed using the CHARMM36 force ﬁeld, were
signiﬁcantly improved over previous simulations performed using the
CHARMM27 force ﬁeld [22]. For the pure POPG systems, the POPG-K+
and POPG-Mg2+ systems were less ordered than their corresponding
POPE systems; nevertheless, the POPE-Ca2+ and POPG-Ca2+ systems
had similar order parameters, indicating that Ca2+ ions can induce a
more-ordered structure of POPG lipids. Fig. 8 displays the calculated
values of SCD of the mixed systems. The Mixed-K+ and Mixed-Mg2+
systems had similar values of SCD and the Mixed-Ca2+ system was
more ordered than were the Mixed-K+ and Mixed-Mg2+ systems.
The trend in the value of SCD for a given system was generally anti-
correlated with its values of bA>, because a system with a lower
value of bA> would be more compact than others and, thus, would
pack the acyl chains of its lipids together, resulting in a more-ordered
structure. For example, Ca2+-containing systems always simultaneous-
ly provided lower values of bA> and larger values of SCD than did their
corresponding K+- and Mg2+-containing systems.
Ca2+ Ca2+
POPG
Ca2+
Ca2+
Ca2+
Ca2+
Ca2+
Ca2+
Ca2+
Ca2+
Ca2+
Ca2+
Ca2+
A
B
Fig. 5. Snapshots of (a) a two-Ca2+-centered cluster in the mixed system (two Ca2+ ions
form one cluster with three POPE lipids and two POPG lipids) and (b) a multiple-Ca2+-
centered cluster in the pure POPG system (11 Ca2+ ions form one cluster with 18
POPG lipids). Hydrogen atoms of the lipids and coordinated water molecules have been
deleted for clarity. Color code: C, cyan; N, blue; O, red; P, tan; and coordinative bond:
green.
Table 5
Populations of the cation–lipid clusters with multiple cation centers of pure POPG
systems.
Cluster typea POPG-K+ POPG-Mg2+ POPG-Ca2+
1POPG 2Cation 1.96 0.00 0.00
1POPG 3Cation 0.07 0.00 0.00
2POPG 2Cation 2.69 1.00 0.00
2POPG 3Cation 0.40 0.00 0.00
3POPG 2Cation 1.33 0.00 1.98
3POPG 3Cation 0.56 0.00 0.00
3POPG 4Cation 0.10 0.00 0.00
4POPG 2Cation 0.31 0.00 1.08
4POPG 3Cation 0.33 0.00 1.00
4POPG 4Cation 0.15 0.00 0.00
4POPG 5Cation 0.03 0.00 0.00
5POPG 2Cation 0.03 0.00 0.76
5POPG 3Cation 0.10 0.00 1.95
5POPG 4Cation 0.09 0.00 0.00
5POPG 5Cation 0.04 0.00 0.00
5POPG 6Cation 0.00 0.00 0.00
6POPG 3Cation 0.00 0.00 0.99
6POPG 4Cation 0.04 0.00 0.18
6POPG 5Cation 0.03 0.00 0.00
6POPG 6Cation 0.00 0.00 0.00
7POPG 4Cation 0.00 0.00 2.00
7POPG 5Cation 0.00 0.00 0.00
7POPG 6Cation 0.00 0.00 0.00
8POPG 4Cation 0.00 0.00 0.54
10POPG 5Cation 0.00 0.00 0.44
10POPG 6Cation 0.00 0.00 0.85
11POPG 7Cation 0.00 0.00 0.87
13POPG 8Cation 0.00 0.00 0.25
13POPG 9Cation 0.00 0.00 0.30
18POPG 11Cation 0.00 0.00 0.38
a The preﬁx numbers for POPG and cation are their corresponding coordination
numbers involved in the cluster.
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The binding of cations to the head groups of lipids will affect the
head group angles, which have been studied experimentally [40]
and through MD simulations [21,24]. Here, we examined the effects
of the cations on the head group angle and rotation. For the PE lipids,
we calculated the average head group angle bθP→N> from the angleof the P→N vector of a PE lipid head group with respect to the mem-
brane normal. For the PG lipids, we calculated bθP→C13> from the P
→C13 vector, because the PG lipids lack the P→N vector. Table 8
lists the calculated values of PE bθP→N> and PG bθP→C13>. In the sys-
tems having same lipid composition, the average head group angles of
the Mg2+- and K+-containing systems were similar, but larger than
that of the Ca2+-containing system. All of the Ca2+-containing systems
had values of PE bθP→N> or PG bθP→C13> of less than 70°, indicating
that Ca2+ ions induced less tilting of the head groups of the lipids.
To examine the effect of cation binding on the rotation of the lipid
head group, we calculated the rotational autocorrelation function
(RAF) of the P→N and P→C13 vectors (Fig. 9) using the equation
RAF τð Þ ¼ b⇀vP→N toð Þi⋅⇀vP→N to þ τð Þi >
¼ 1
N
XN
i¼1
1
tmax
Xtmax
to
⇀vP→N toð Þi⋅⇀vP→N to þ τð Þi
where N is the total number of lipids and tmax is half of the analysis
time (to ensure that the RAF was calculated from the same number
of data). Among the same lipid composition systems, Ca2+ ions
slowed down the rotation of the lipid head groups to a greater degree
than did the other two systems (Fig. 9). In particular, the pure POPG–
Ca2+ system possessed the slowest rotation among all of our studied
systems. The effects of K+ and Mg2+ ions on the head group rotation
were similar in the pure lipid systems. For the mixed systems, the
head group rotation in the Mixed-Mg2+ system was slightly slower
than that of the Mixed-K+ system.
4. Discussion
In this study, we performed all-atom long-timescale MD simulations
of pure zwitterionic POPE, pure anionic POPG, and mixed POPG/POPE
Table 7
Average number of water molecules solvated with one lipid, bH>.
System name bH>
POPE-noION 4.97±0.15
POPE-K+ 4.81±0.14
POPE-Mg2+ 4.83±0.15
POPE-Ca2+ 4.32±0.16
POPG-K+ 8.01±0.14
POPG-Mg2+ 8.15±0.19
POPG-Ca2+ 5.97±0.16
Mixed-K+ 6.51±0.15
Mixed-Mg2+ 5.59±0.19
Mixed-Ca2+ 4.36±0.16
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Fig. 6. Radial distribution function g(r) of the phosphorus–phosphorus distances
among the POPG lipids in the mixed systems.
2750 H.-H.G. Tsai et al. / Biochimica et Biophysica Acta 1818 (2012) 2742–2755lipid bilayers in the presence of the salts KCl, MgCl2, and CaCl2.We under-
took a systematic investigation to elucidate the roles of theK+,Mg2+, and
Ca2+ ions and the lipid compositions on the structures of lipid bilayers, as
well as their effects on the formation of cation–phospholipid complexes,
clusters, and PG microdomains. Here, we discuss the implications of
these complexes, clusters, and microdomains on the formation of stalk
states during membrane fusion.
First, we discuss the performance of our simulation protocols. The
value of bA> is frequently used to characterize lipid bilayers because
it affects their structural and dynamic properties; it is a quantity that
is measurable experimentally. It can also be used to evaluate the per-
formance of force ﬁelds employed in MD simulations [41]. Because
the experimental value of bA> is available for POPE lipid bilayers
in the presence of NaCl, and because some previous MD simulations
have been performed in the presence of NaCl, we used the simulation
data in the presence of NaCl to evaluate the performance of our sim-
ulations. The value of bA> obtained for the POPE-Na+ system in this
study was 56.00±1.14 Å2, consistent with the experimental value
(56 Å2) derived from the phase diagram at 303 K with 2 mM TES
buffer (a solution containing Tris, EDTA, and NaCl) at pH 7.0 [42].
Replacing the Na+ ions by Ca2+ ions caused the value of bA> of the
POPE-Ca2+ system to decrease slightly (by 1.49 Å2), consistent with
the results of small-angle neutron scattering of DPPC bilayers [43]. The
calculated value of bA> for the POPG-Na+ system was 62.52±1.49 Å2;
this value is signiﬁcantly larger than that (53.00±0.60 Å2) obtained in
a previous MD study, performed using the GROMOS force ﬁeld, of POPG
lipid bilayers in the presence of Na+ ions [41], presumably because of
the use of different force ﬁelds. Three different atomistic force ﬁelds
for PG lipids have been tested against structural data in the crystal
and liquid crystal states. The CHARMM27 force ﬁeld reproduces
well the conformation and interactions of the PG head groups of
dimyristoyl-phosphatidylglycerol (DMPG) [44]; the other two force
ﬁelds do not reproduce the native hydrogen bond network. In thisTable 6
Populations of the POPG domain sizes in the mixed systems.
POPG
domain
size
Populations of domain
Mixed-K+ Mixed-Mg2+ Mixed-Ca2+
Total Coordinated
with K+
directly
Total Coordinated
with Mg2+
directly
Total Coordinated
with Ca2+
directly
2 3.11 1.09 2.98 0.00 5.46 4.90
3 0.49 0.00 0.42 0.00 0.35 0.00
4 0.09 0.00 0.07 0.00 0.03 0.00
5 0.01 0.00 0.02 0.00 0.02 0.00study, we employed the newly updated CHARMM36 force ﬁeld. The
calculated value of bA> for the POPG-Na+ system (62.52±1.49 Å2)
was only slightly less than that (65 Å2) derived from theMD simulation
using the CHARMM27 force ﬁeld [44]. The calculated value of bA> of
the POPE-Na+ system is in quantitative agreementwith the experimen-
tal measurement and that of the POPG-Na+ system is in good agree-
ment with previous simulated results, implying that the CHARMM36
force ﬁeld and the lipid bilayer models used in this study are appropri-
ate tools for investigating the physical properties of the studied systems.
Under physiological conditions, biological membranes interact
with electrolytic solutions containing various types of metal cations
(e.g., Na+, K+, Mg2+, Ca2+). The speciﬁc binding of metal cations
with lipids will affect the structure and stability of the membrane.
Therefore, the cations' parameters are critical in biomembrane simu-
lation. The cations' LJ parameters used in the present study were de-
rived through free-energy perturbation simulations in bulk water to
account for the experimental absolute hydration free energies [45].
A similar methodology was ﬁrst proposed, with considerable success,
by Åqvist [46]. Because our present study focused on understanding
the formation of cation–lipid clusters, we validated the cations' pa-
rameters by comparing our simulated cation–lipid binding modes
with available experimental results. Studies using neutron diffraction
[47], NMR spectroscopy [2], FT-IR spectroscopy [48], and MD [19,21]
have revealed that Ca2+ ions can bind to the lipid head groups. The
neutron diffraction experiment, although questioned by its low signal-
to-noise ratio [24], has suggested that Ca2+ ions are localized in the phos-
pholipid head group regions of zwitterionic DPPC lamellar phases in the
presence of 5 or 10 mM Ca2+ ions [47]; more speciﬁcally, the Ca2+ ions
bind preferentially to the phosphate moiety within a distance of 1–2 Å.
The chemical environment of our studied Ca2+-POPE systemwas similar
to that used in the neutron diffraction experiment [47], allowing us to
compare the results more directly. Our distributions g(r) revealed
that the Ca2+ ions bound mainly to the phosphate moieties, with
the Ca2+-Op distance peaking at 2.15 Å and with a minor number
of Ca2+ ions bound to the Oc atoms, in good agreement with exper-
imental observations. Nevertheless, MD simulations using different
force ﬁelds and different Ca2+ ion concentrations have suggested
that the Ca2+ ions bind to the carbonyl oxygen atoms of POPC
[24]. Although Ca2+ ions bind strongly with zwitterionic lipids, an
IR spectroscopy study has revealed that Mg2+ ions do not bind to
pure DPPC bilayers [6]. Our simulation of the POPE-Mg2+ system
with a 0.15 M ionic concentration indicated that all of the Mg2+ ions
remained in the aqueous phase, further supporting the ﬁndings from
IR spectroscopy [6]. The signiﬁcant differences in the binding of Ca2+
and Mg2+ cations to lipids might have arisen from their signiﬁcant dif-
ferences in hydration free energy. We adjusted the LJ parameters of the
Ca2+ and Mg2+ cations to reproduce their experimental free energies
of hydration (−384.8 kcal/mol for Ca2+; −441.7 kcal/mol for Mg2+)
[49]. The preference for Mg2+ cations in the water phase might have
arisen from its hydration free energy being lower than that of Ca2+ cat-
ions. For the anionic lipids, the symmetry splitting of the PO2– vibrational
bands of the anionic PS lipids in the presence of Ca2+ ions, observed
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2751H.-H.G. Tsai et al. / Biochimica et Biophysica Acta 1818 (2012) 2742–2755using FT-IR spectroscopy, suggests that Ca2+ ions bind to the PS phos-
phate units [48]; moreover, the phosphate ester group was dehydrated
and no evidence was found for the speciﬁc binding of Ca2+ ions by the
ionized carboxylate and carbonyl groups. Our POPG-Ca2+ simulations
revealed signiﬁcant chelation of Ca2+ ions by the phosphate groups,
supporting the observations made using FT-IR spectroscopy [48]. The
force ﬁeld used in the present study has limitations because of the
lack of polarizability. In our study, we performed long-time-scale MD
simulations, which required the use of an additive nonpolarizable
force ﬁeld to save computational resources. It has been demonstrated
that when the anionic head groups of surfactants are allowed to polar-
ize, the formation of contact ion pairs is affected [50]. On the other hand,
the polarizability of water and ions has only a small effect on the0.00
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Studying the cation–lipid interactions of mixed zwitterionic/
anionic lipids provides signiﬁcant information relating to the effects
of cations on bacterial membranes, such as those of E. coli. An IR spec-
troscopy study of the DPPC/DPPS mixture in the presence of Mg2+
ions revealed that they bound to the phosphate groups of the DPPS
lipids [6]. Our simulation of the Mixed-Mg2+ system with a POPG:
POPE ratio of 1:3 revealed that almost similar amounts of Mg2+
ions were bound to the phosphate groups of the zwitterionic POPE
and anionic POPG lipids, indicating the contribution of electrostatics
to the cation binding. Investigations of the binding of Ca2+ ions at
various POPC/POPG ratios, using atomic absorption spectroscopyC
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Table 8
Average angle (in degrees) of the P→N (bθP→N>) vector of a PE lipid head group and
the P→C13 (bθP→C13>) vector of a PG lipid head group with respect to the membrane
normal.
System name PE bθP→N> PG bθP→C13>
POPE-noION 77.9±26.1 –
POPE-K+ 77.1±26.6 –
POPE-Mg2+ 76.0±26.8 –
POPE-Ca2+ 68.6±27.3 –
POPG-K+ – 78.7±32.0
POPG-Mg2+ – 77.4±32.8
POPG-Ca2+ – 69.3±35.4
Mixed-K+ 77.2±26.3 75.3±32.1
Mixed-Mg2+ 76.2±27.4 72.6±31.8
Mixed-Ca2+ 66.9±26.8 69.7±31.1
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bound Ca2+ increases linearly upon increasing the proportion of
POPG at low Ca2+ concentrations [52], implying an electrostatic con-
tribution to Ca2+ binding.
Themolecular details of biomembrane fusion processes can be under-
stood from investigations of the properties of cation–phospholipid com-
plexes, their microdomains, and their acyl chain ordering. Biomembrane
fusion proceeds sequentially through contact between apposed lipid bila-
yers (stalk formation), formation of a hemifused state, pore formation,
and pore expansion, yielding the fusedmembrane [53–56]. Contact of ap-
posed lipid bilayers can be considered as aggregation. Most research in
membrane fusion has focused on the roles of Ca2+ andMg2+ ions during
the fusion process. Our simulations reveal that, regardless of the lipid
composition, almost all Ca2+ ions are bound to the lipid bilayers, neutral-
izing the negatively charged surfaces of PG-containing lipid bilayers sig-
niﬁcantly. Binding of cations to lipids will offset (or at least partially
offset) the electrostatic repulsion between apposed negatively charged
lipid bilayers, thereby promoting aggregation—the initial step in mem-
brane fusion. In contrast, the binding afﬁnity of Mg2+ ions with lipids is
weaker than that of Ca2+ ions; they do not bind to pure POPE lipid bila-
yers, but they do bind to lipid bilayers in the presence of anionic POPG
lipids and at a higher cation concentration, partially offsetting the nega-
tively charged surfaces of PG-containing lipid bilayers. It appears that-0.2
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Fig. 9. RAFs of the (a) pure POPE systems, (b) pure POPG systems, (c) POPECa2+ ions can signiﬁcantly decrease repulsion between apposed nega-
tively charged lipid-containing bilayers, whereas Mg2+ ions can do so
only partially.
It has been demonstrated previously that Ca2+ and Mg2+ ions
form different types of complexes with anionic PS [57]. For example,
the Ca2+–PS complex is less hydrated than that of Mg2+–PS. The
Mg2+–PS complex is proposed to form a “cis” structure with respect
to each membrane, whereas the Ca2+–PS complex most likely has an
intermembrane “trans” structure that plays a key role during PS ves-
icle fusion. Nevertheless, the structures and types of these complexes,
as well as their key molecular features during membrane fusion, have
not been established well. Because Ca2+ and Mg2+ ions promote the
fusion of PS-containing mixed lipid vesicles [58,59], studies of the for-
mation and properties of cation–lipid complexes should provide sig-
niﬁcant information regarding the fusion of lipid bilayers at the
molecular level in protein-free model systems. In addition to the for-
mation of the cation–phospholipid complexes discussed above, our
simulations also revealed the formation of large cation–phospholipid
complexes featuring multiple cation centers, providing new insight
into the nature of the stalk state during membrane fusion processes.
Our simulations revealed that Ca2+ ions form two-Ca2+-centered
clusters, involving both POPE and POPG lipids at the same time, in
the mixed system. Moreover, increasing the POPG composition and
cation concentration (e.g., for the pure POPG system) caused the
Ca2+ ions to form various types of multiple-cation-centered clusters
possessing various sizes and populations. The formation of multiple-
cation-centered clusters results in displacement of water molecules
from the lipid head groups through cation dehydration of the surface
of the lipid bilayers. Our simulations revealed that each Ca2+ ion
dehydrated each lipid by approximately one water molecule in
the mixed system and by more than two water molecules in the
pure POPG systems,with respect to their correspondingMg2+ systems;
the Ca2+-containing systems were less hydrated than the Mg2+-
containing systems, consistent with experimental data for anionic
PS vesicle systems [57]. The more-dehydrated, charge-neutralized
PG lipid bilayer surface induced by Ca2+ ions provided a more-
hydrophobic environment favorable for membrane aggregation. More-
over, the structure containingmultiple-Ca2+-centered clusters providedC
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membrane fusion. As evidenced by the stable multiple-Ca2+-centered
clusters formed on a single lipid bilayer, we expected that once two in-
dividual lipid bilayers came into contact, the Ca2+ ionswould function as
a “cation glue” to adhere two apposed bilayers together through the
formation of multiple-Ca2+-centered clusters. Formation of one-Ca2+-
centered complexes across two apposed bilayers might have a similar
function, but we anticipated it to be less effective because only a few
lipids would be involved. Moreover, when Ca2+ ions bind to two or
more multiple-Ca2+-centered clusters preformed on each lipid bilayer,
Ca2+–phospholipid clusterswill be generated across apposed lipid bila-
yers, providing an adequate conﬁguration to enhance and stabilize the
formation of the stalk state during membrane fusion. Interestingly,
these Ca2+–phospholipid clusters involve zwitterionic POPE and anion-
ic POPG lipids at the same time, implying that the formation of anionic
microdomains might not be obligatory for stalk state formation, which
might occur through the formation of Ca2+–phospholipid clusters
across apposed lipid bilayers. We found that Mg2+ ions formed only a
single two-Mg2+-centered cluster in the pure POPG system. For the
mixed system, Mg2+ ions could not form any clusters. These results
imply that Mg2+ ions can form only the “cis” geometry, consistent
with experimental observations [57].
Whether cation-induced lipid lateral phase separation or micro-
domain formation plays an obligatory role in membrane fusion in
vivo is not well established [60]. Levin and co-workers found that
Mg2+ ions induce microdomain formation and the fusion of lipid ves-
icles as a function of the DPPS/DPPC ratio [6]; when the DPPS/DPPC
ratio was less than one, the microdomains were present, but vesicle
fusion did not occur, implying that Mg2+ ions do not induce
membrane fusion when the concentration of anionic lipids is below
the threshold. Our simulations of mixed systems revealed that
Mg2+ ions induce microdomain formation through the clustering of
two-to-ﬁve POPG lipids (mainly POPG dimers), even though Mg2+
ions do not bind to two POPG lipids simultaneously. The POPG
microdomain formation in the presence of Mg2+ ions arises
through the formation of water bridges. Notably, our mixed systems
had low POPG concentrations, limiting the formation of larger-scale
domains.
On the other hand, Ca2+ ions induced the formation of POPG
microdomains, clustering between two and ﬁve POPG lipids together
(most probably with two POPG lipids) with a population double that
of Mg2+ ions. These Ca2+-induced POPG microdomains were formed
mainly through direct binding of Ca2+ ions with POPG lipids. A com-
bined DSC, 31P-NMR spectroscopy, and AFM study demonstrated that in
the presence of Ca2+ ions, the two separated phases – corresponding to
gel and ﬂuid phases – formed in mixed POPE and POPG lipid bilayers
(3:1, mol/mol) [5]. The gel phase, induced by Ca2+ ions, is a protrud-
ing POPG-rich subdomain. The results of our simulations for the
Mixed-Ca2+ systemwere highly consistent with these experimental
ﬁndings. A recent study combining magic-angle-spinning solid state
NMR spectroscopy with MD simulations of mixed lipid bilayers re-
vealed that two distinct PS head group conformations interact with
the same Ca2+ ion [61], leading to clustering of PS lipids with conﬁg-
urations similar to those in our simulations. Although earlier studies
had revealed that the PS concentration in vivo is too low to induce
membrane fusion [60], the formation of these POPG microdomains,
induced by Ca2+ and Mg2+ ions, could increase the local PG concen-
tration and might enhance the fusion [6]; in this study, however, we
cannot conclude whether their formation is obligatory to induce
membrane fusion or not.
As expected, the formation of large-scale phase separation and/or
domains can lead to unstable membranes; the formation of multiple-
cation-centered clusters in the stalk state provides perspectives into
the mechanism of membrane fusion, which involves less of a change
in membrane structure. The formation of cation–lipid clusters is pos-
sibly modulated by cellular protein machinery in vivo. In this presentstudy, we suggest that multiple-cation-centered clusters might be
implicated in stalk state formation during membrane fusion. Al-
though some coarse-grained simulations have been performed to in-
vestigate vesicle fusion mechanisms [10,62,63], the roles of cations, in
particular, Ca2+ ions, had not been investigated. More recently, the
interactions of Ca2+ ions with apposed zwitterionic DMPC lipid bila-
yers in close proximity have been simulated [64]; the formation of
Ca2+–DMPC complexes across apposed lipid bilayers was demon-
strated, but Ca2+–DMPC clusters were not reported. Because of the
artifact of using periodic boundary conditions in the simulations,
there is no room for water molecules to escape during the approach
of two lipid bilayers, limiting the reality of the fusion processes. Stud-
ies are underway to simulate micelle–micelle and vesicle–vesicle fu-
sion processes in the presence of anionic lipids and Ca2+ ions; they
might be helpful for clarifying the roles of Ca2+ ions and anionic
lipids during membrane fusion.5. Conclusions and summary
Our simulations conﬁrmed that the behavior of lipid bilayers is
signiﬁcantly affected by the nature of the cations and by the compo-
sition of the anionic lipids; furthermore, they provide new insight
into cation–lipid interactions at the atomic scale. We draw the follow-
ing main conclusions:
(1) The binding afﬁnity of Ca2+ ions with lipid bilayers is stronger
than that of K+ and Mg2+ cations, regardless of the POPG/POPE
ratio. The Ca2+ ions prefer interacting with the phosphate groups,
rather than with other electronegative groups.
(2) The binding of Ca2+ ions to lipids results in a smaller area per
lipid, a thicker membrane, more-ordered acyl chains, and
slower rotation of head groups, relative to the corresponding
Mg2+- and K+-containing systems.
(3) Binding of cations to lipids forms various complexes involving sev-
eral lipids; Ca2+ ions formed stable Ca2+–lipid complexes, even in
pure zwitterionic POPE lipid bilayers. In contrast,Mg2+–lipid com-
plexes were absent in the pure POPE system; we observed them
only in the presence of anionic POPG lipids and at higher ionic
strength.
(4) Large cation–lipid clusters, assembling multiple cations and
lipids together, were also observed for the lipid bilayers com-
posed of anionic POPG lipids, and at a higher cation concentra-
tion. In the mixed POPG/POPE (1:3, mol/mol) systems, Ca2+
ions formed stable two-cation-centered clusters assembling
several POPG and POPE lipids together. Mg2+ ions did not
form such clusters; in the pure POPG lipid bilayers, they
formed a single two-cation-centered cluster involving only
two POPG lipids. Ca2+ and K+ ions formed stable multiple-
cation-centered clusters in the pure POPG lipid bilayers; in
particular, Ca2+ ions induced large-scale multiple-cation-
centered clusters.
(5) K+, Mg2+, and Ca2+ ions, especially, Ca2+ ions could induce
POPG microdomain formation in the mixed POPG/POPE lipid
bilayers. More interestingly, the Mg2+ ions did not coordinate
with the POPG lipids directly.
(6) The formation of cation–lipid complexes and large-scale clus-
ters dehydrated the bilayer surfaces and partially neutralized
the surfaces of lipid bilayers containing anionic PG lipids.
The cation-induced dehydration and neutralization of the surfaces
of anionic lipid bilayers – in particular, by Ca2+ ions – provides a
more-hydrophobic environment suitable for membrane aggregation.
The stable multiple-Ca2+-centered clusters observed in this study
provide an adequate conﬁguration for adhering apposed membranes
catalyzed by Ca2+ ions.
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